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In spite of its fundamental importance in quantum science and technology, the experimental
certification of nonclassicality is still a challenging task, especially in realistic scenarios where losses
and noise imbue the system. Here, we present the first experimental implementation of the recently
introduced phase-space inequalities for nonclassicality certification, which conceptually unite phase-
space representations with correlation conditions. We demonstrate the practicality and sensitivity
of this approach by studying nonclassicality of a family of noisy and lossy quantum states of light.
To this end, we experimentally generate single-photon-added thermal states with various thermal
mean photon numbers and detect them at different loss levels. Based on the reconstructed Wigner
and Husimi Q functions, the inequality conditions detect nonclassicality despite the fact that the
involved distributions are nonnegative, which includes cases of high losses (93%) and cases where
other established methods do not reveal nonclassicality. We show the advantages of the implemented
approach and discuss possible extensions that assure a wide applicability for quantum science and
technologies.
Introduction.— Nonclassicality relates to the inabil-
ity to describe certain effects or physical systems by a
classical theory. It represents the basis for quantum tech-
nologies. Therefore, it is of fundamental scientific and
technological importance to detect and certify such non-
classical quantum effects. A multiplicity of different ap-
proaches and methods to verify all different notions of
quantumness have been introduced. However, the certi-
fication of nonclassical features in realistic, complex, and
noisy systems is still a challenging task.
The phase-space formalism, that is based on the de-
scription of physical systems and their dynamics through
phase-space distributions, is an elegant and widely used
method that allows us to characterize classical and quan-
tum systems on the same footing [1, 2]. In order to ex-
press quantum states through phase-space distributions,
the concept has been extended to the so-called quasiprob-
ability distributions, which may attain negative values
(see [3, 4] for a detailed introduction). Such negativi-
ties constitute a direct signature of nonclassicality. The
quantum-state representation by phase-space quasidistri-
butions is, however, not unique. The best known and
most used quasidistributions are the Wigner function [5],
the Husimi Q function [6], and the Glauber-Sudarshan
P function [7, 8]. In quantum optics, negativities in the
latter are the base of the very definition of nonclassical-
ity [9, 10]. However, the P function is in most cases a
highly singular distribution that cannot be reconstructed
experimentally, except for some notable exceptions [11].
Therefore, in many cases one rather considers the Wigner
or Q functions, which can be directly measured [12–
15] or reconstructed via homodyne-detection techniques
[16, 17]. Expressing quantum states through phase-space
distributions other than the P function has the draw-
back that not all nonclassical features will be recognized,
since often they turn out to be nonnegative distributions
for nonclassical states. For example, nonclassical Gaus-
sian states, such as squeezed states, are represented by
nonnegative Wigner functions [18], and nonclassicality
cannot be directly inferred from Q functions as they are
nonnegative by definition.
Among the multitude of quantum states of light, the
single-photon state has a paramount relevance. On the
one hand, it is the state of the fundamental excitation of
the quantized light field, representing its particle char-
acter. On the other hand, single photons are funda-
mental carriers of information and are widely used for
quantum information applications [19–21]. Such states
are realized in a plethora of experimental platforms [22–
26] and their phase-space functions are routinely recon-
structed; cf., e.g., [27–30]. Unfortunately, the certifi-
cation of nonclassicality of single-photon states can be
a difficult task when losses and noise impair the sys-
tem. In particular, the Wigner function of a lossy single-
photon state is nonnegative for losses above 50% [31].
The situation is more difficult when additional noise
contributions have to be considered. A special exam-
ple of such noisy states is the family of single-photon-
added thermal states (SPATS) [32–34]: ρˆ = N aˆ†ρˆthaˆ,
with N being its normalization constant, aˆ and aˆ† the
annihilation and creation operators, respectively, and
ρˆth = 1/(n¯+ 1)
∑∞
k=0 [n¯/(n¯+ 1)]
k |k〉〈k| a thermal state.
Including losses, SPATS are characterized by a two-
parameter state space that allows us to investigate dif-
ferent regimes. In particular, they feature parameter
regions in which the state’s nonclassicality cannot be
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2certified by the established conditions based on phase-
space distributions and the photon-number distribution
[33, 35]. This illustrates the need for the development
and implementation of experimentally accessible, sensi-
tive, and noise-robust nonclassicality tests.
In this letter, we present the first experimental im-
plementation of the recently introduced phase-space-
distribution inequalities [36, 37] to certify the nonclas-
sicality of SPATS. We generate a family of SPATS with
different thermal mean photon numbers (n¯) and mea-
sure them with balanced homodyne detection at differ-
ent detection efficiencies (η). For the implementation of
the nonclassicality inequality conditions, we reconstruct
the Wigner and Husimi Q functions of the states via
quantum-state tomography. We are able to certify non-
classicality despite the fact that the obtained phase-space
distributions are nonnegative. Importantly, the phase-
space conditions reveal nonclassicality for efficiencies as
low as 7% and in parameter regions where other non-
classicality tests fail to do so. Thus, we demonstrate
that phase-space inequalities are powerful certification
tools that go far beyond nonclassicality detection based
on the sheer value of phase-space distributions. Our re-
sults pave the way for the efficient and reliable charac-
terisation of quantum states under the influence of loss
and noise being ever more important in the context of
developing practical quantum technologies.
Phase-space distribution inequalities.— Only very re-
cently phase-space-distribution inequalities for testing
nonclassicality were derived [36–38]. This approach al-
lows one to certify the nonclassicality of a given state by
considering different points of the same distribution or
by relating different phase-space distributions evaluated
in the same point in phase space with each other. Impor-
tantly, these phase-space conditions provide the possibil-
ity of revealing nonclassicality even if the involved phase-
space distributions are nonnegative and, thus, drastically
extending the certification capability based on such qua-
sidistributions. Furthermore, being based on correlations
between quasidistributions at different points, a full to-
mographic reconstruction can in principle be avoided by
using direct sampling measurements [12–15].
To illustrate the strength and practicality of these
phase-space inequalities, we will use two particular non-
classicality conditions for the certification of experimen-
tally generated lossy SPATS. The first condition is based
on the matrix of phase-space distributions [37] and relates
the Wigner function in different points in phase space
(α1 6= α2) with each other
W (α1)W (α2)− e−|α2−α1|2W [(α1 + α2)/2]2 < 0. (1)
The second one includes the Wigner and Q functions
evaluated in the same phase-space point α [36]:
W (α)− 2piQ(α)2 < 0. (2)
FIG. 1. Experimental setup for the heralded generation
and detection of single-photon-added thermal states of light
(SPATS). See the text for details.
As we will show, these conditions are easy to implement
and will allow us to certify nonclassicality of SPATSs in
regimes where other well-established methods fail to do
so.
Experiment.— Our experimental setup is based on a
mode-locked Ti:sapphire laser emitting 1.5 ps long pulses
at 786 nm, with a repetition rate of 81 MHz (see Fig.
1). Its output is split in three main parts. We produce
a pseudo-thermal state of light by using a lens (L) to
focus the first part of the main laser beam onto a rotat-
ing ground glass disk (RD)[39]. Collecting a small por-
tion of the light scattered by the disk into a single-mode
fiber, we obtain a thermal state in a single spatial mode,
which is then aligned along the input signal mode of a
parametric down-conversion (PDC) crystal. The second
portion of the beam is frequency-doubled at a second-
harmonic generation (SHG) stage and provides the pump
for the frequency-degenerate non-collinear PDC process.
By conditioning on a click in the single-photon count-
ing module (SPCM) of the output idler mode after tight
spatial and spectral filtering (F), we implement a single-
photon addition operation (aˆ†) onto the signal mode, re-
sulting in the desired SPATS. The third portion of the
laser output serves as the local oscillator (LO) for a time-
domain balanced homodyne detector (HD) used to ac-
quire quadrature data for the tomographic reconstruction
of the Wigner and Q functions of the quantum state in
the signal mode. Two variable attenuators (VA), placed
along the signal path before and after the PDC crystal,
are used to control the thermal mean photon number (n¯)
and the detection efficiency (η) with which the state is
recorded, respectively. See Fig. 3(d) for a pictorial rep-
resentation of the setup.
To experimentally test conditions (1) and (2), we ac-
quired about 260k phase-randomized quadrature values
for different settings of n¯ (including the single-photon
case, n¯ = 0) and η. The η and n¯ parameters, and their
respective errors were estimated by fitting the single-
photon and SPATS quadrature data as function of the
two VA settings. An iterative maximum likelihood pro-
3FIG. 2. Evaluation of the multi-point nonclassicality con-
dition (1) in dependence on the detection efficiency (η), for
the states with thermal mean photon numbers (squares and
orange solid line) n¯ = 0 and (circles and orange dashed line)
n¯ = 0.98 ± 0.02. Error bars are not visible since they are
smaller than the points area.
cedure was used to reconstruct the density matrix associ-
ated to each data set and to subsequently calculate their
respective Wigner and Q functions [40, 41]. Statistical
errors are estimated via a bootstrap method based on 50
resampled quadrature data sets.
Results.— We use the phase-space inequalities to
certify nonclassicality of our experimentally generated
SPATS. To benchmark our results, we compare the per-
formance to two well-established and widely-used non-
classicality tests: the Mandel QM parameter [42] and the
negativities of the Wigner function. Note that these two
approaches are based on very different aspects of quan-
tum states, i.e., the photon-number distribution and a
phase-space representation. Furthermore, it is known
that the Wigner function of any SPATS shows negativi-
ties for η > 50% independent of n¯, and that the Mandel
QM detects nonclassicality for n¯ < 1/
√
2 for any non-
trivial loss η > 0 [35]. Hence, these two ways of certify-
ing nonclassicality ideally complement each other in the
sense that one is independent of η and the other of n¯.
Therefore, they provide an excellent basis of comparison
for the phase-space inequalities, which allows to assess
their performance.
We start our nonclassicality analysis of the SPATS
based on condition (1), which only requires the knowl-
edge of the Wigner function of the state. The results are
presented in Fig. 2, where we show the dependence on
the efficiency η for two thermal mean photon numbers
n¯. For evaluating the multi-point condition (1), we nu-
merically estimate the phase-space points that optimize
it for each parameter pair (η, n¯) and calculate its value
from the experimentally reconstructed Wigner function
at those points. In the single-photon case (n¯ = 0), it
clearly reveals nonclassicality down to η ≈ 25% where
the Wigner function is long nonnegative. Hence, by sim-
ply comparing different points of the Wigner function, it
is possible to certify nonclassicality despite the fact that
the distribution is nonnegative. Note that this approach
does not require any additional analysis or calculations
as it solely relates different points of the already recon-
structed Wigner function with each other. In this sense,
Eq. (1) provides a clever and efficient way of detecting
nonclassicality based on the available information of the
quantum state.
In the case of considerably strong thermal background
(n¯ = 0.98) , it is possible to certify nonclassicality down
to efficiencies of about 40%; cf. Fig. 2. Although, this
corresponds to a lower loss threshold compared to the
single-photon case, the situation is even more interest-
ing. Additionally to possessing a nonnegative Wigner
function, the SPATS with η = 40% and n¯ = 0.98 also
shows a positive Mandel parameter QM, which does not
detect nonclassicality either. Thus, this example shows
that, besides its simplicity, the phase-space inequality (1)
certifies nonclassicality in parameter regions inaccessible
by these established nonclassicality certifiers.
Figure 3 summarizes the experimental results concern-
ing the test of the single-point condition (2) evaluated at
the origin of phase space (α = 0), where a maximum vio-
lation is expected for SPATS. The results for the different
lossy SPATS are depicted (points) in the two-dimensional
(η, n¯) state space in Fig. 3(a). The light orange area in-
dicates the region where the nonclassicality of the state
can also be detected either by QM < 0 or the negativ-
ities of the Wigner function. The dark orange area is
where the two above conditions fail but our single-point
condition (2) still certifies nonclassicality, showing a clear
advantage of the phase-space inequalities. In Fig. 3(b)
and (c), we present different cross sections through the
parameter plane, where the solid and dashed lines rep-
resent the theoretically expected behavior. The control
of the parameters in the experiment is illustrated in Fig.
3(d).
We first explore two cross-sections of the W (0) −
2piQ(0)2 surface for two fixed values of the thermal mean
photon number (n¯ = 0 and n¯ = 0.98 ± 0.02) by varying
the efficiency η in Fig. 3(b). For n¯ = 0, we can certify
nonclassicality via condition (2) for efficiencies as low as
η ≈ 7% (93% loss) even considering statistical and ex-
perimental errors [see inset in Fig. 3(b)]. For SPATS
with n¯ ≈ 1, we detect nonclassicality down to η ≈ 30%.
Note that this cross section includes nonclassical states
that are neither detected by the Wigner function nor the
Mandel parameter. Hence, this case shows that the in-
equality (2) detects nonclassicality under the influence of
strong loss and thermal background.
For the second cross section in Fig. 3(c), we fixed the
efficiency at η = 0.3 and investigate the influence of the
4FIG. 3. Evaluation of single-point nonclassicality condition (2). (a) Different states (points) are depicted in the two-dimensional
n¯-η-space. The orange surface indicates the parameter region where nonclassicality can be detected via condition (2). (b) n¯ = 0
and 0.98 cross-sections. (c) η = 0.3 cross-section. (d) Illustration of the experiment and the parameter control. Vertical error
bars correspond to the standard deviation of the obtained values.
thermal mean photon number. In this case, we can ex-
perimentally detect nonclassicality in a wide parameter
range up to n¯ ≈ 1. Increasing the number of collected
quadrature data it could be possible to reduce the sta-
tistical error and probably it could be possible to push
n¯ further to ≈ 1.5, i.e., to a regime where the classical
thermal contribution dominates the energy of the state.
For all cases analyzed, we observe an excellent agree-
ment between the theoretically expected behaviour
(lines) and the experimental data [cf. Figs. 2 and 3],
which underlines the reliability and robustness of the pre-
sented methods. Furthermore, the current limits in de-
tecting nonclassicality in the entire orange area in Fig.
3(a) are only due to statistical uncertainties that can
be easily reduced by increasing the number of collected
quadrature data.
Discussion and conclusions.— Our experimental re-
sults present the first implementation of recently intro-
duced phase-space-inequality conditions for the certifica-
tion of nonclassicality. In this way, we experimentally
demonstrated that it is possible to certify nonclassicality
of states directly from their nonnegative phase-space dis-
tributions. We showed that these conditions are particu-
larly useful under unfavorable conditions, where quan-
tum features are obscured by strong losses and back-
ground radiation, and where it is genuinely hard to cer-
tify them. Despite their sensitivity, it is remarkable that
the presented inequality conditions are easy to imple-
ment by just comparing different values of phase-space
distributions with each other, which offers a straightfor-
ward and ready implementation without the need of any
involved calculations. The soundness of our results is fur-
ther strengthened by excellent agreement of the obtained
results with theoretical predictions.
We benchmarked the phase-space-inequality results
against two established nonclassicality conditions: neg-
ativities in the Wigner function and the Mandel QM pa-
rameter. For the considered lossy SPATS these two con-
ditions are a natural choice of comparison due to their
complementary dependence on the loss and thermal noise
parameters as explained above. We showed that the
phase-space inequalities do not just detect nonclassical-
ity of all SPATS that are also detected by Wigner neg-
ativities and QM, but even in parameter regions where
5these last two fail to certify nonclassicality; cf., e.g., the
dark orange region in Fig. 3(a). This demonstrates the
strength and sensitivity of the phase-space inequalities.
Additionally, our experimental results show that only one
phase-space condition is sufficient to witness nonclassical-
ity in very different parameter regions where otherwise
one would need to implement different tests in order to
certify nonclassicality. Summarizing, these findings il-
lustrate the efficiency and practicality of phase-space in-
equalities for certifying nonclassicality under challenging
noisy conditions.
It is important to highlight that the used approach is
universal in the sense that it is applicable to any quan-
tum state including both—continuous and discrete vari-
able states. Furthermore, in contrast to intensity-based
conditions, the phase-space inequalities offer the possi-
bility of revealing phase-sensitive nonclassical features.
An extension of the presented analysis to higher-order
conditions and multimode scenarios is possible [37, 43].
The phase-space inequalities are universally applicable
in any experimental scenario where it is possible to re-
trieve phase-space distributions, either by a full tomo-
graphic reconstruction or by direct sampling. Further-
more, the method is not limited to photonic systems
but can be readily applied to other physical platforms
including microwave-cavity [44], mechanical-oscillators
[45], and trapped-ion [46] experiments. Thus, phase-
space inequalities will find applications in many different
experiments throughout various physical systems.
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